Abstract Understanding the functional mechanisms of the humoral and cellular immune responses among teleost broadens the possibilities for intervention and improvement of vaccination methods. The aim of this study was to evaluate the dynamics of the humoral immune response, hematological biochemical changes, and electrophoretic profile of proteins in Oreochromis niloticus, when submitted to antigen stimulation using sheep erythrocytes in a single dose and with booster doses. Seventy O. niloticus were distributed in two groups (n=35): one received a single dose and the other received two doses of antigen. Evaluations were made at the following predetermined times: zero (pre-immune, i.e., before inoculation with the first injection of sheep erythrocytes, negative control) and on 7th, 14th, 21st, and 28th days after the first immunization to evaluate the hemogram, biochemistry, and electrophoresis of proteins and direct hemagglutination. Twenty-eight days after antigen inoculation, it was observed that there had been an increase in the serum antibody titer and fractions gamma globulins after second antigen stimulation. The results suggest that teleost fish have the capacity to produce antibodies from a single stimulation, and a second antibody production wave after second stimulation.
Introduction
Understanding the functional mechanisms of the humoral and cellular immune responses among teleosts broadens the possibilities for intervention and improvement of vaccination methods. This provides protection, reduction of economic losses, and diminished microbial resistance from use of antibiotics.
Previous assays demonstrated that direct agglutination test using sheep erythrocytes do not cross-react with others tilapia antibodies. But there are various cross reactions against different antigens in this fish species including cross reactions against rabbit erythrocytes (Nunomura 1991; Randelli et al. 2008) . Therefore, its use as an antigen would allow us to evaluate Nile tilapia antibodies response without preexisting antibodies interference.
Sheep erythrocytes are complex protein antigens that depend on activation of T lymphocytes (Ocklind 1988) . In contrast, bacterial antigens are recognized by receptors with toll-like molecular patterns that are present in phagocytes and some somatic cells, both in mammals and in fishes. They recognize molecular patterns associated with pathogens such as lipopolysaccharides from Gram-negative bacteria and teichoic acid from Gram-positive bacteria (Abbas et al. 2000; Navot et al. 2011) .
The direct agglutination used in mammals was modified in this study for the evaluation of dynamics of humoral immune response in Oreochromis niloticus without cross reactions and natural antibody, using sheep erythrocytes.
Material and methods

Fish
Seventy Nile tilapias weighing 80.71±10.52 g were used. They were stocked in 10 glass aquariums of 90 L (n=7 each) aquaria provided by water from an artesian well at a flow rate of 1 L/min, with supplementary aeration. They were fed using commercially available feed (3 % biomass, 28 % DP, and 4,000 kcal of DE/kg) (ethics committee 011688/12; animal welfare and ISO-the International Organisation for Standardization, 2006) . The water quality was kept within the appropriate range of comfort for the fish (dissolved oxygen=6.1±1.6 mg/L; temperature= 28.37±3.8°C; pH=6.96±1.2; and electrical conductivity=120.96±16.3 μS/cm) (Boyd 1990) .
The fish were distributed in a completely randomized manner into two groups (n=35): one received a single dose and the other received two doses of antigen. Group I (GI) received a single dose of antigen consisting of 2.5 % sterilized sheep erythrocytes in 0.15 M PBS (pH 7.2), at a dose of 250 μL per fish by intracelomic route (ic). Group II (GII) received its first injection of sheep erythrocytes in the same way as in GI and then, 14 days later, a second booster injection of the same concentration (ic). Evaluations were made at the following predetermined times: zero (preimmune, i.e., before inoculation with the first injection of sheep erythrocytes, negative control) and on 7th, 14th, 21st, and 28th days after the first immunization.
After acclimatization, the fish were anesthetized in a solution of benzocaine (1:20.000) diluted in 98°alcohol (0.1 g/mL) (Wedemeyer 1970) , as far as the fourth stage of anesthesia (Cosenza et al. 2014) . The blood was collected from each fish by puncturing the caudal vein and the procedures for the evaluations at the abovementioned times were performed (n=7).
Agglutination test and inoculums with sheep blood
For the agglutination test, 10-mL samples of sheep blood were collected in graduated 50-mL tubes (Falcon) containing Alsever solution (v/v) and were centrifuged at 250 g/10 min. The supernatant was discarded, and the erythrocytes were washed with sterilized 0.15 M PBS (pH 7.2) and then centrifuged again at 250 g/5 min. The washing was repeated until the diluent became translucent. Following this, the erythrocyte suspension was diluted to 2.5 % in sterilized 0.15 M PBS (pH 7.2). The 2.5 % erythrocyte suspension was aliquoted for each injection and each direct hemagglutination test, and was kept at 4°C until the time of use.
Hemogram, biochemistry, and electrophoresis of proteins The hematocrit percentage was determined using microhematocrit tubes and a hemoconcentration scale (corpuscular volume) (Goldenfarb et al. 1971) , and the total plasma protein (TPP) concentration were determined using the biuret method (wavelength 545 nm). To obtain the total leukocyte count, a Neubauer chamber was used (Martins et al. 2009 ), and to obtain the differential count, May-Grünwald-Giemsa-Wright staining was used on blood smears (Tavares-Dias and Moraes 2007).
The total albumin concentration was determined on serum using a colorimetric method, from a commercially available centration was calculated, determined by subtraction from the total protein concentration.
The separation of serum protein fractions was performed according to the technique described by Naoum (1990) modified (tapes agarose gel, Tris pH 9.5, 5 % acetic acid, and amido black dye 0.2 %, kept at 100 V/ 20 min). The tapes were read using the system SE-250 and obtained the values of the fraction of absolute protein concentration (g/dL) of each electrophoretic band.
Direct hemagglutination
The direct agglutination test described by Packham et al. (1998) for Neospora caninum and Lindsay and Dubey (2011) for Sarcocystis neurona was modified in the present study for use with of sheep erythrocyte in tilapia. The serum antibody concentration was determined by means of erythrocyte agglutination in the presence of specific serum antibodies, in order to determine the total antibody titer present in the plasma. The plasma and serum samples were inactivated at 47°C/30 min in a water bath. Following this, serial log 2 dilutions of these samples were performed on microtiter plates with a U-shaped bottom. For this, 50 μL of PBS was added to each well and then 50 μL of inactivated plasma was added to the first well of the plate. The solution was then homogenized, and 50 μL was transferred to the next well. This process was repeated as far as the eleventh well, where the same volume of solution was then discarded. This procedure was done for all the plasma samples in the preimmune evaluation and on the 7th, 14th, 21st, and 28th days after immunization.
Following this, an equal volume of 2.5 % sheep erythrocytes was added to each well and the plate was incubated for one hour at 37°C and 22 h at 4°C. After this period, the plates were observed visually to compare the sedimentation pattern of the control well without plasma (12th well) with the sedimentation patterns of the other wells. The total antibody titer was identified as the greatest dilution at which it was possible to observe positive agglutination of erythrocytes. The results were expressed as the log 2 of the reciprocals of the serum titers, and the processed data were subjected to statistical analysis.
Statistical analysis
The results were subjected to analysis of variance and comparison of means using Tukey's test, at the significance level of 5 % (p<0.05) (Snedecor and Cochran 1974 ). Pearson's correlation was applied between the total antibodies and absolute lymphocytes at the significance level of 5 %.
Results
Blood variables
From the analysis of the hematological values was observed that corpuscular volume maintained the same pattern between the different groups throughout the experimental period (Table 1) .
In GI, the leukogram presented significantly higher total leukocyte counts on the 14th and 21st days, comparing to the values observed in the preimmune evaluation, and was observed to have decreased on the 28th day. In GII, the total count on the 28th day was significantly greater than that observed in GI on the 28th day (Table 1) .
The absolute lymphocyte count was higher on the 7th day than in the preimmune evaluation, and was observed to have decreased on the 14th day. These differences were statistically significant (p<0.05; Table 1 ). The GII presented the same response dynamics until the 14th day, but presented significantly higher values (p<0.05) on the 21st and 28th days, in comparison with the values observed in GI (Fig. 1b) .
There was a positive correlation between higher absolute lymphocyte counts and the serum antibody titers produced in GII, in which 48 % of the increase in antibody production was attributable to the higher lymphocyte count (Figs. 1 and 2 ). No positive correlation was observed in GI.
The total immunoglobulin concentration did not present any significant difference (p>0.05) in the individual evaluation between GI and GII. However, comparing the values within GII, the values on the 21st day were higher (p<0.05) than in GI (Table 1) .
The total plasma protein concentration presented a gradual decrease (p<0.05) over the course of time in both groups, but without any statistical difference (p> 0.05) between them. There was no difference in albumin between the groups (Table 1) .
Subdivision serum protein electrophoresis allowed the observation of four distinct fractions: albumin, α-globulin, β-globulin, and γ-globulin (Fig. 3b) ; checking increase (p<0.05; Table 1 ) protein concentration in the gamma fraction of tilapia that has received the second dose with 28th days after antigenic stimulation (Fig. 3a) .
Humoral immune variables
The preimmune evaluations did not present any serum titers against sheep erythrocytes during the experimental period ( Table 1 ). The pattern for the serum antibody curve (GII) presented statistical differences (p<0.05) between the evaluation done before the inoculation and the evaluations done on the 7th, 14th, 21st, and 28th days after immunization. The serum titer was higher (p<0.05) on the 21st day and decreased (p<0.05) on the 28th day ( Table 1 ). The GII presented the same curve pattern as shown by GI up to the 21st day (Fig. 1a) . Comparison of the two curves between the groups showed higher serum titers in GII (p<0.05) on the 21st and 28th days, in relation to GI (Fig. 1a) . The inoculations of sheep erythrocytes into the tilapias did not interfere with the body weights, which did not present any statistical differences (b<0.05) (data not shown).
Discussion
The presence of serum antibodies on the 7th, 14th, 21st, and 28th days in the two groups showed primary and secondary humoral immune response patterns that were similar to those found in mammals (Tizard 2011) .
A study in which a single dose of Vibrio harveyi was inoculated into Epinephelus bruneus showed a response consisting of progressive increases in the antibody titers on the 7th to 21st days after inoculation (Harikrishnam et al. 2012) . This is similar to what we have found among the GI fish, which received a single injection of sheep erythrocytes. On the other hand, the GII fish presented an increase in the titer on the 28th day, which was consequent to receiving the second antigen stimulation. Yan et al. (2009) evaluated the humoral immune response among Pseudosciaena crocea against Vibrio alginolyticus and demonstrated that the response was greater, 7 and 15 days after the first and only antigenic stimulation. This result confirms the primary response observed on the 7th day in the present trial, which progressed to the secondary response on the 15th day. In the present study, the secondary response was identified and characterized on the 21st day in the GI. This difference can be attributed to factors such as the difference in the evaluation periods, type of antigenic stimulation, PCV corpuscular volume, TPP total plasma protein Uppercase letters (in columns) compare the different treatments within each period, while lowercase letters (in rows) compare the evolution of the inflammatory process between the different experimental days inoculation site, and species used. Nonetheless, the curve patterns in the two studies were similar. In mammals, it has been postulated that the second dose of antigen reactivates the B and T memory clones that come from the first clonal expansion, with increased antibody production and generation of the second clonal expansion, and with exchange of the suite of class IgM for IgG (Abbas et al. 2000) . This exchange from IgM to IgG does not occur in teleosts in the way that is seen in mammals, but associations with low metabolic rate, limitations to genetic mechanisms, absence of histomorphological structures as germinative centers and absence of lymph nodes may interfere with the intensity and dynamics of antibody production in teleosts (Kaatari et al. 2002) .
In the present study, the higher antibody titers on the 21st and 28th days after antigenic stimulation of the GII comparing to the GI, demonstrates increase in antibody titers and alpha globulin fraction. It is possible that the clonal expansion of B and T lymphocytes occurs at other sites that are not morphologically organized in the way seen in mammals (Kaattari et al. 2002) .
Data from a study on Carassius auratus (Navot et al. 2011) showed similarities with what was obtained in this study, given that there was an increase in the serum antibody titers after the second dose of vaccine against Aeromonas salmocida, 3 weeks after the first dose. The same study found preformed natural antibodies or cross-reaction antibodies against to the antigen studied, and thus, the titers of these natural antibodies may have interfered with the subsequent antibody production results. No presence of reactive natural antibodies to antigens present in the sheep erythrocyte membrane was detected in the present study. In the used experimental model, there was no interference from natural antibodies or cross-reactions which could mask the dynamic of humoral immune response, a fact that makes response evaluation safer, and therefore, more accurate. Sheep erythrocytes are complex protein antigens that depend on activation of T lymphocytes (Randelli et al. 2008) . In contrast, bacterial antigens are recognized by receptors with toll-like molecular patterns that are present in phagocytes and some somatic cells, both in mammals and O. niloticus (Zhao et al. 2013) . They recognize molecular patterns associated with pathogens such as lipopolysaccharides from Gramnegative bacteria and teichoic acid from Gram-positive bacteria (Abbas et al. 2000; Navot et al. 2011 ) may favor crossreactions and interfere in the dynamics of the humoral and cellular immune response. This was reflected in the leukocyte dynamics accumulation observed in a study on Piaractus mesopotamicus, using inoculations of different stimuli (Bozzo et al. 2007 ). In the sheep erythrocytes antigens case, the use of these toll-like molecular patterns did not interfere with the response mechanism as shown in Table 1 . The increase in the blood total leukocyte count consequent to the increased absolute lymphocyte count on the 7th day, in both groups after the first stimulation and in GII in relation to GI on the 28th day, suggest that new lymphocytes were recruited from reserves compartments for the blood 7 days after the first stimulation and 7 days after the second stimulation.
The positive correlation between the absolute lymphocyte counts and the serum antibody titers suggest that an increase Fig. 3 Electrophoretic profile of serum proteins (a) and agarose gel (b): albumin (A), alpha globulin (A;α), beta globulin (B;β), and gamma globulin (G) in Nile tilapias subjected to inoculation with one or two doses of antigen stimulation with sheep erythrocytes: 7th, 14th, 21st, and 28th days after immunization in the counts of these cells can occur. The fact that there haven't had natural antibodies or cross-reactions against the antigenic constitution of sheep erythrocytes may have favored the identification of such responses. The total immunoglobulin concentration and serum protein electrophoresis reflects the same response pattern as seen in the specific antibody response and lymphocyte counts between the groups, with increased serum concentration on the 21st day and a subsequent decrease on the 28th day, as occurred with the other variables evaluated. Harikrisman et al. (2012) observed that there was an increase in the serum immunoglobulin concentration 2 weeks after the first antigenic stimulation with the bacterial antigen of V. harveyi and 4 weeks after the second immunization. These values were not observed in this study, but the absence of an increase on the 14th day after the second week, as seen by Harikrisman et al. (2012) , can be explained by collections that were done at 7-day intervals, rather than 14-day intervals, which could diminish the quantity of these systemic immunoglobulins during the experimental period.
In conclusion, the results suggest that teleost fish have the capacity to produce antibodies from a single stimulation, and a second wave of antibody production after the second stimulation. The use of sheep erythrocytes allowed a more accurate evaluation of the dynamics of humoral immune response, since that it has not cross-reactions or natural antibodies interference.
